A theoretical investigation of AlGaN UV-LED with band engineering of hole and electron blocking layers (HBL and EBL, respectively) was conducted with an aim to improve injection efficiency and reduce efficiency droop in the UV LEDs. The analysis is based on energy band diagrams, carrier distribution and recombination rates (Shockley-Reed-Hall, Auger, and radiative recombination rates) in the quantum well, under equilibrium and forward bias conditions. Electron blocking layer is based on
INTRODUCTION
AlGaN based UV LEDs have attracted great attention for applications in environmental cleansing, medicine, lighting, etc. [1] . Due to high polarization fields and large defect density, the illumination power and internal efficiency of nitride based devices is low [2, 3, 4, 5, 6, 7] . Due to low doping efficiencies, in such UV LEDs, enhancing carrier injection in the active region remains a great challenge [8, 9] . To improve internal quantum efficiency, grading has been used in InGaN/AlInGaN quantum wells (QW) based LEDs [10, 11, 12] with reported 5-6 times enhancement in radiative recombination. Currently, grading schemes have improved carrier injection [10, 13, 14] , and doping [15] in UV-LEDs emitting around 280nm. To date, UV LEDs were championed by SETI Corporation with record external efficiency of more than 11% at 278nm emission wavelength [16] . Design rules are not well established due to complicated relation between polarization field, lattice strain, defects and bandgap engineering. This requires a careful simulation of the layer structure before realization of actual device growth. Design based on the actual allowable growth related boundary conditions is hence vital to the usefulness of a simulation. This paper explores graded barrier layer design with eventual view of realizing the design using plasma source molecular beam epitaxy (PAMBE). flow of both types of carrier, which are electrons and holes [18] . Designs based on low band gap intermediate layers, in and around the electron blocking layer (EBL), have proven to be useful in increasing carrier injection [13, 19, 20] . Small valence band offset in AlGaN based single quantum well structures (SQW) further reduces carrier confinement, causing spillover of carrier out of the active region [21] . This requires careful designing of barrier layers and incorporating novel schemes based on compositional grading. Such designs are yet to be fully developed in conjunction with AlGaN SQW grown device using PAMBE, which has a controllable growth rate of < 1 nm per minute, favoring the implementation of the compositional graded layers.
In this paper, the design of electron-blocking layer (EBL) and hole-blocking layer (HBL), based on band engineering, has been studied numerically. The analysis considered energy band structure, carrier densities, recombination rates and optical transition oscillatory strength. Polarization induced band bending due to interface fixed charges was incorporated. The band diagram of the structure was obtained by solving Poisson's, Schrödinger, current continuity, carrier transport and photon rate equation, self-consistently. Ohmic, n and p contacts were used for simplicity. Doping dependent nobilities were obtained using Arora model, built in the numerical software.
The graded barriers were optimized to maximize carrier densities in the active region. Comparing conventional rectangular barriers design and the proposed design, we found a significant enhancement in radiative recombination rate due to improved carrier injection.
The proposed UV-LED is designed to emit at 280nm, which is an attractive wavelength for water disinfection applications. Proposed designed was modeled using the NEXTNANO software [22] .
Device Structure
III-Nitride based material systems have strong spontaneous and piezoelectric polarization fields, which result in large band bending. In order to overcome the energy barrier introduced by the high polarization fields, designs based on graded barriers can be an effective way in blocking one type of carrier while introducing minimum resistance to the other carrier type. . The active region consists of 3nm graded hole blocking layer (HBL) Al 0.5→0.8 Ga 0.5→0.2 N followed by a 10nm bottom Al 0.6 Ga 0.4 N barrier. Next to barrier layer, is a 2.5nm Al 0.453 Ga 0.547 N QW designed to emit at 280nm, terminated with a 5nm Al 0.68 Ga 0.32 N top barrier. The asymmetric barrier design around the well was chosen to take into account differences in mobility of holes and electrons. The electron blocking layer (EBL) consists of a 10nm graded Al 0.7→0.65 Ga 0.3→0.35 N layer sandwiched between two AlGaN layers with aluminum (Al) mole fraction of 75% and 74% and thickness of 2.5nm and 2nm. The graded EBL design was adopted to minimize energy barrier, which hole have to overcome in reaching the QW. Active region is assigned an unintentional background electron carrier concentration of 1e16cm -3 to prevent doping induced non-radiative recombination and impurity scattering. A low bandgap Al 0.4 Ga 0.6 N layer was inserted between EBL and p-GaN layer as it is shown to enhance hole injection into the active region [13] . The p-GaN was assigned a hole concentration of 7e18cm -3 .
Numerical Simulation Setup
The material parameters of AlGaN ternary alloys are expressed as:
where, b is the bowing parameter and and are the material parameters of binaries aluminum nitride (AlN) and gallium nitride(GaN) with values mentioned in table 1 [5] . Electron and holes, band masses, elastic, piezoelectric, deformation potentials and 6x6k.p parameters are taken from ref.
2 to 5. Materials properties, with no bowing parameters, are interpolated linearly for ternary. For electrons, effective mass approximation was used to calculate bands, to reduce numerical computational complexity. Valence bands are calculated using 6x6k.p. Valence band offset was set to 0.85eV for GaN layer lattice matched to AlN, taking into account strain and polarization induced band bending effect. Operating temperature of the device is taken to be 300K. All layers are assumed to be pseudomorphic on Al 0.5 Ga 0.5 N buffer layer.
The Arora approximation introduced to depict the mobility as a function of carrier density, also takes into account scattering by charged impurities ions and is modeled as: for holes. In AlN, fitting parameters are assumed to be the same as GaN, due to non-availability of data.
Results and Discussion
In order to understand the carrier dynamics inside the active region, one has to study the band diagram of the device. Figure 2 shows the conduction and valence bands with their corresponding quasi Fermi levels. As shown in Fig. 2 , the effective barrier height introduced by EBL for electrons, in proposed structure, is slightly reduced from 0.5698eV to 0.415eV. This will lead to unwanted escape of electrons from the active region. For reference structure, as shown in Figure 2a , where the barrier height gradually increases across the EBL; the proposed structure has a more abrupt energy barrier profile. This enhances electron reflection closer to the QW and reduced non radiative recombination in the EBL. For holes, in the reference structure, the EBL introduces a barrier height of 0.5941eV which can lead to poor injection efficiency. In our proposed structure, band bending due to the induced volume charge by Al compositional grading, considerably reduces the energy barrier by 0.136eV, thus enhancing hole injection efficiency. For HBL, grading does not lead to significant change in the energy barrier height. This is caused by negligible band bending in the bottom barrier. Electron density, in proposed structure, is slightly reduced in the QW and will be discussed latter in the paper. Graded HBL layer not only provides abrupt energy barrier to holes; it can also act as strain and dislocation relief layer [25] .
Electric field profile across the active region, under forward bias, gives a clearer picture of polarization induced fixed charges. As seen in Fig 3, our proposed structure, grading in EBL creates an electric field with negative gradient and magnitude. This causes negative bending in valence band inside the EBL resulting in reduced barrier height for holes to overcome. For HBL, switch in electric field sign due to polarization induced volume charges, causes a hump in energy profile of valence band. Reduced electric field in top barrier, of proposed structure, results in absence of two dimensional electron gas (2DEG) formation at the top barrier EBL interface. Inside the QW, electric field profile is negligibly altered when using the graded scheme in the carrier blocking layers.
Wavefunction profile gives an idea about the extent of carrier confinement in the active region. Stronger confinement leads to more efficient radiative recombination process. Figure 4 shows the carrier wave functions profile of the fundamental transition state and their corresponding energy band edges. Strong polarization and small valence band offsets in AlGaN alloys causes considerable separation of carrier in the quantum well. Weakly localized wavefunctions lead to higher non-radiative recombination in the barrier layers.
According to Fermi's golden rule, the transition matrix element is proportional to the square of the electron-hole wave function overlap or spatial overlap matrix element (|Ψ h_1 | Ψ e_1 | 2 ). With increase in overlap, the spontaneous radiative recombination is enhanced. Optical matrix element, for proposed structure is 0.038, which is smaller than 0.0932 in reference structure. In the reference structure, due to polarization induced bend bending inside the barrier, layers, wavefunction are more localized inside the QW resulting larger wavefunction overlap values. As can be seen in Fig. 4 , the effect of band bending, in barrier layers, is more significant, on the hole wavefunction. Slight shift of eigen values to higher energies, leads to less localized electron wavefunction in the proposed structure. Thus careful engineering of polarization fields, inside the active region, are required to improve carrier separation. Even though the strength of radiative recombination is reduced in the proposed structure, as will be discussed later, the enhanced carrier injection, due to graded blocking layers, leads to overall better performance in proposed structure.
To evaluate the effectiveness of graded barrier, in increasing device performance, carriers being supplied to the QW have to be taken into account. Figure 5 gives the carrier density profile in the QW of proposed and reference structure. As can be seen in Fig. 5 , compared to holes, the electron density is more localized in the active due to larger conduction band offset and better confinement in presence of large bandgap barrier. Aluminum compositional grading in HBL, slightly reduces the electron concentration in the QW due to introduction of 0.5326eV barrier height as shown in Fig. 2 . Reduced electric fields, in the top barrier of proposed structure, results in absence of 2DEG at top barrier and EBL interface. For reference structure, 2DEG formation, as confirmed by increase in electron density in top barrier (312nm to 317nm), can lead to unwanted non-radiative recombination at top barrier EBL interface.
Hole density compared to that of electron, is considerably reduced and can be attributed to smaller valence band offsets and introduction of an energy barrier by EBL. As shown in Fig. 5b , the hole concentration in the proposed structure is noticeably higher than that of reference structure. The drastic increase in hole density observed is due to reduction in energy barrier caused by EBL. Non localization of holes, inside the QW, can also be seen, as the density profile is more spread out into the barrier.
When the carriers are injected into the active region, they can either recombine radiatively or none radiatively. Recombination rates, in the simulation, are modeled as:
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where τ n , τ p , C n and C p are Shockley Read Hall, Auger and direct radiative recombination rates coefficients. In nitride based devices, Auger recombination term, C p .n 2 .p, is dominant, due to poor hole injection efficiency into the active region. The coefficients used to model the recombination rates are tabulated in Table. 3 [12, 26, 27] . At lower carrier injection, recombination is dominated by non-radiative recombination. With increase in forward bias, direct radiative recombination takes over. For very high injection, Auger recombination can be significant. In InGaN based devises auger recombination rate has been considered as a dominant recombination mechanism for droop [28] . Droop refers to reduction in nitride based device performance at high injection levels. Auger recombination is a three particle process. With increase in carrier density, Auger recombination rate increases. For large bandgap material, Auger recombination is less significant under lower carrier injection levels, due to relatively smaller recombination rate coefficients. SRH recombination on the other hand is a one particle process which can be significant at lower carrier densities. Unlike Auger, SRH coefficients increases with bandgap as the trap states become closer to the midgap level, thus SRH can be significant at lower injection values.
For UV devices both SRH and Auger can be substantial and cannot be ignored when designing the device. Recombination rates for the structures are shown in Fig. 6 . With the graded EBL design, due to higher hole injection, direct useful recombination is higher than the reference structure. Direct recombination rate is weighted with the spatial overlap matrix element of the fundamental transition in the QW. SRH being a single particle process takes into account both electrons and holes recombining via trap states. Since holes density is shifted more towards the bottom barrier of QW, SRH peaks on the bottom side of the QW. Auger being a three particle process, is dominated by e-e-h transitions, thus its profile follows that of electron density. SRH and Auger recombination are more severe in our proposed design due to higher carrier density inside the QW.
Summary
In this paper, we proposed graded electron and hole blocking layers to enhance device performance of a UV-LED, designed to emit at 280nm. Numerical results show that the hole density, inside the QW, can be significantly increased using graded EBL resulting in stronger useful direct radiative recombination process. Further optimization of polarization fields inside the barrier layers, in reducing carrier separation, can lead to further improvement in device performance.
